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The usual course of infection by Plasmodium falciparum among adults who lack a history of exposure to endemic malaria is fulminant. The infection in adults living with hyper-to holoendemic malaria is chronic and benign'. Naturally acquired immunity to falciparum malaria is the basis of this difirence. Confusion surrounds an essential question regarding this process: What is its rate of onset? Opinions vary because of disagreement over the relationships between exposure to infection, antigenic polymorphism and naturally acquired immunity. In this review, Kevin Baird discusses these relationships against a backdrop of host age as a determinant of naturally acquired immunity to falciparum malaria.
Naturally acquired immunity, as used here, refers specifically to a diminished frequency and density of parasitemia by Plasmodium falciparum in adults relative to children where hyper-to holoendemic malaria prevails. It may be characterized as an 'antiparasite' immune process. However, progressively fewer and less-severe attacks of malarial fevers and chills attend diminishing susceptibility to parasitemia. There may be as yet poorly understood 'antidisease' immune processes that operate separately from the conspicuous antiparasite function of naturally acquired immunity. However, immune restraint of blood-stage parasites per se certainly confers protection from disease. In this sense, naturally acquired immunity includes both antiparasite and antidisease processes.
Many investigators consider 'antidisease' immunity synonymous with the process called 'antitoxic' immunity by MacGregor2. Antitoxic immunity appears in young children (2-3 years old) exposed to heavy infection pressure since birthz. Asexual parasitemias of extraordinary density without apparent illness marks antitoxic immunity. This immunity somehow stays the sequelae of blood-stage infection without apparent effect upon the parasite itself. In contrast, the naturally acquired immunity of adults in endemic areas precludes high-density parasitemias and attendant disease. This article excludes discussion of antitoxic immunity. It examines the basis of the differences in susceptibility to more frequent and higher density asexual parasitemias of P. falciparum between older children (5-15 years old) and adults.
Empirical observation has revealed much of what is understood of naturally acquired immunity. Exposure to relatively heavy infection pressure is required; naturally acquired immunity fails to develop where malaria is epidemic, hypoendemic or mesoendemic. Naturally acquired immunity fails to develop or, once developed, is lost with interrupted exposure (eg. with seasonal malaria or extended travel out of an endemic area). Longitudinal studies where malaria is holoendemic have consistently shown evidence of asexual parasitemias in virtually all adults; naturally acquired immunity does not sterilize. Children in hyper-to holoendemic areas consistently exhibit higher-grade and more frequent asexual parasitemias with clinical attacks compared to adults in the same area. The differences between children and adults are not abrupt but progress gradually. MacGregor3 has reviewed naturally acquired immunity to plasmodium parasites.
The development of naturally acquired immunity has been considered a slow process, ie. requiring the years of life between infancy and adulthood4-7. Studies published since the 1930s until now express this without equivocation. It is an accepted convention. Although the process evidently occurs slowly in people born and raised in a malarious area, no quantitative body of evidence proves the requirement for many years of uninterrupted heavy exposure to antigen. Indeed, there is dissent on the issue. There are those who assert that naturally acquired immunity may develop after fewer than ten episodes of infection within 12 to 24 month+11. Although these two opinions seem to be diametrically opposed, a simple principle may reconcile them; a few episodes of malaria are sufficient to develop naturally acquired immunity in adults, whereas the immune systems of children may be constitutionally less capable of mounting a protective response against the parasite. If this is true, the onset of naturally acquired immunity may be governed primarily by recent exposure to infection and intrinsic immune factors related to the age of the hostg,lO.
The basis of conventional naturally acquired immunity
With the exception of a few elegant demonstrations of passive transfer of naturally acquired immunity reviewed elsewhere'z, the certainty that it exists at all vanishes without the epidemiological data based on microscopic examination of stained blood films gathered from people living in endemic areas. The cellular and molecular bases are not sufficiently well understood to yield an assay that measures the degree of naturally acquired immunity in any given individual or population. Survey by bloodfilm examination and spleen palpation remain the sole means of identifying and measuring naturally acquired immunity.
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Robert Koch pioneered the use of stained bloodfilms in studying the epidemiology of malaria. In 1900, he noticed diminishing frequency and density of parasitemia with increasing age among people in the hyperendemic Ambarawa Valley of Central Javal3. Koch also surveyed Sukabumi in West Java, where there was considerably less malaria, and the frequency of parasitemia was not age related. The contrasting patterns of frequency of parasitemia among age groups at these two sites suggested to Koch that the cumulative effect of lifelong exposure to heavy infection pressure endowed protective immunity. The age-related pattern of parasitemia in heavily endemic areas has been a consistent observation over the yearsl4, and it remains the basis of the convention that naturally acquired immunity develops slowly over many years with heavy exposure to infection.
Malariotherapy of syphilitic patients in the 1920s set the stage for rational analyses of acquired immunity. These studies established the relatively rapid onset of immunity to homologous strains of parasites (4-10 exposures) 15-17. The rate of onset of homologous immunity was rapid over the first five exposures and thereafter slowly improved to nearly complete immunity after ten exposure+ ( Fig. 1) . Although Ciuca et al. were careful to point out that their study subjects lived where malaria was endemic (Romania), their results do not differ substantially from studies using patients with no history of exposure.
Malariologists conducting studies in syphilitic patients recognized the difficulty in reconciling the rapid rate of development of immunity in the clinic with the apparently very slow rate in endemic areas. Studies with heterologous strains of parasite provided a plausible answer; patients with homologous immunity remained at least partially susceptible to heterologous strains of parasite. Heterologous susceptibility in the clinic suggested that the antigenic diversity of wild parasites explained the relatively slow development of natural immunity acquired in the field.
Brown and Brown18 demonstrated the existence of variant antigenic types (VATS) on the surface of red blood cells infected by Plasmodium knowlesi in rhesus monkeys. Similar observations were made in P. fragile in toque monkeys19, and in P. falciparum in squirrel monkeyszo. Extensive clonal antigenic variation by P. fulcipurum has been established2Q2. Studies with monoclonal antibodies or immune sera have demonstrated extreme allelic diversity in blood stages of wild malaria parasite@26.
Tandem repeats of oligopeptides (which often compose immunodominant epitopes) apparently promote multiple crossreactivities, and this may be an evolutionary advantage that confounds host immune defenseGL28. All this provided a plausible molecular explanation for the slow development of naturally acquired immunity, but evidence linking any particular antigenic polymorphism to human susceptibility to natural infection has been elusive.
Limitations of conventional naturally acquired immunity
Reports of allelic or clonal antigenic polymorphism in plasmodium parasites often present such findings in the context of explaining the slow onset of naturally acquired immunity-6,19,20,25 . According to the conventional view of the development of naturally acquired immunity, antigenic polymorphism governs susceptibility to infection for many years of heavy exposure. The parasite presumably manages evasion of an efficacious immune response through sheer diversity of epitopes. The chronically exposed host supposedly accumulates a repertoire of memory and effector cells capable of controlling infection by any given strain or variant of parasite. This seems logical, but the hypothesis assumes that naturally acquired immunity only develops slowly over the years between infancy and adulthood. In a quantitative sense, about 100 infections and associated waves of recrudescences seem necessary (age O-20 years, assuming five infections per year where malaria is hyper-or holoendemic). Is this true?
Epidemiological studies of human populations living in endemic areas constitute the basis of the assumption that naturally acquired immunity develops slowly. Although not often defined, 'slow' presumably refers to the consistent pattern of age-related prevalence and density of parasitemia, ie. gradually diminishing throughout life beyond 3-10 years of age. Many other parameters have been evaluated in the field: frequency and severity of symptoms of malaria, spleen enlargement, antibody titers and frequencies, and lymphocyte blastogenesiszg-34. These studies also show increasing protection or 'immunity' (according to the parameter being measured) with increasing age. These patterns are consistent with a slow rate of onset of naturally acquired immunity in conjunction with cumulative exposure to infection over the course of life in an endemic area (Figs 2,3) . However, these observations, per se, do not establish the cumulative effects of exposure as the basis of age-related changes in susceptibility to infection. Correlation between age and various measures of 'immunity' does not prove that the onset of naturally acquired immunity is slow. Conventional theory of naturally acquired immunity attributes the susceptibility of children and the relative immunity of adults to their differing cumulative experiences with the antigenic repertoire of wild parasites. In this context, the only essential difference between the immune systems of children and adults is their histories of exposure. The constitutional changes which occur with aging are assumed to exert no influence on the course of natural infection. However, among people living their entire lives in an endemic area, the effects of cumulative exposure cannot be separated from any possible effects of age itself. There has been no demonstration that this assumption, which underpins conventional hypotheses on naturally acquired immunity, is true.
One way to sort out the effects of cumulative exposure and age is to study naturally acquired immunity among people of all ages who are abruptly exposed to heavy infection pressure&l0 (Figs 2,3) . After just one year of residence in a hyperendemic area of Irian Jaya (Indonesian New Guinea) the frequency and density of parasitemia decreases with increasing age among newcomers from Java (Fig. 4) . The patterns are parallel to those in people with lifelong residence in either Irian Jaya or The Gambia (Figs 2,3) 35. Age-related changes in humoral immune reactivity to ring-infected erythrocyte surface antigen of P. falciparum were also parallel between newcomers and lifelong resident@. Adult newcomers showed evidence of naturally acquired protection relatively quickly, whereas their children remained 108 susceptible. Naturally acquired immunity in these adults developed independently of the cumulative effects of many years of heavy exposure (Figs 2,3) .
The hypothesis of age-dependent naturally acquired immunity
If cumulative exposure to antigen does not account for the relative susceptibility of children and resistance of adults, then what does? Intrinsic immune factors that change with age may govern the degree of naturally acquired immunity following a brief period of heavy exposure to infection. The basis of the difference between children and adult Javanese transmigrants in Irian Jaya may be age-related immune factors unrelated to a history of chronic exposure to infectiorW0.
The studies in Irian Jaya were conducted by a single laboratory using one ethnic group of non-immune people living in one region. The conclusions reached in these studies may not be generally applicable. Corroboration by other laboratories in other parts of the world is not yet available, although work in the early 1900s in Sumatra36 and India37 showed similar patterns of agedependent, chronic exposure-independent, naturally acquired immunity. Schuffner36 and Christophers37 also wondered about the role of age itself in naturally acquired immunity, but both expressed doubts concerning the possibility of prior heavy exposure to infection by their study subjects.
The subjects from the studies in Irian Jaya came from Java, where the incidence of malaria is roughly one case per 10000 person years'0 and has been this way since at least 1960 (Ref. 38). Thus, among 1000 transmigrants in a typical village in Irian Jaya (with a mean age of 20 years), probability favors only two infections in these 20000 person years on Java. Moreover, approximately 85% of infections occur among 0.5% of the population of Java living in fewer than 10 chronically endemic foci '10. The risk of infection for 99.5% of people living on Java may actually be closer to two infections in 100000 person years (data from The Ministry of Health, Jakarta). This means just one prior exposure among 2500 transmigrants arriving in Irian Jaya (excluding those with a prior history of transmigration or residence in one of the known foci of endemic malaria on Java).
Extrinsic factors related to vector or host behavior may have explained the age-related pattern of parasitemia among the transmigrants in Indonesia. For example, vector feeding preference for children or agerelated differences in antimalarial drug consumption may have established the observed age-related patterns of prevalence and density of parasitemia. However, Fig. 4 illustrates an important observation: although children and adults were uniformly susceptible to infection early during exposure, protection later increased in an age-dependent manner. This pattern routinely emerges from populations of Javanese newcomers in Irian Jayalo. Naturally acquired immunity is apparently governed by recent exposure and the age of the host.
Evidence from several groups using outbred laboratory animals showed that age itself profoundly influences the course of infection by plasmodium parasites39-43. Some of these studies demonstrated adoptive transfer of adult-like immunity to younger animals411Q. The age immunity against Plasmodium spp disappeared in some inbred strains of mice and rats, but not others.
A cellular basis of age-dependent naturally acquired immunity is implicit in this work conducted 20 or more years ago. More-recent laboratory studies unrelated to infectious diseases have shown that many subtle changes in constitution of the immune system occur throughout lifeM-46. No particular change has yet been linked to susceptibility to infectious agents.
Reconsidering laboratory evidence for conventional naturally acquired immunity
If the hypothesis that age and recent heavy exposure govern efficacy of naturally acquired immunity is correct, then it must accord with the observations that form the basis of the conventional hypothesis for naturally acquired immunity. The original description of VATS in P. knowlesi was by Brown and Brownis. Reports describing clonal antigenic polymorphism in other species of Plasmodium often cite this work, emphasizing host susceptibility to successive VATS and the possible relationship to host susceptibility and the slow development of naturally acquired immunity. However, Brown and Brown's noted another facet of their work; the existence of two levels of immunity, one VAT-specific and the other 'transcending antigenic variation'. Strain-transcending immunity was also described against VATS of P. fragile by Handunnetti and colleaguesis. Citing their own unpublished work and the reports of others, Brown and Brow+ noted that, I . . . children, unlike adults, are perhaps incapable of developing a generalized immunity effective against all variants'. They wondered whether childhood susceptibility to infection was the product of incomplete exposure to the available repertoire of immunogenic epitopes, or to a constitutional inability to mount a strain-transcending immune response. This question largely represents the hypothesis of an age-dependent naturally acquired immunity.
Investigators using in vitro agglutination of P. fulciparum isolates from donors naturally exposed to infection have documented fine specificity in the humoral immune response to natural infection47-49. Sera from convalescent children usually agglutinate only the isolate taken at infection, whereas sera from 'immune' adults routinely agglutinate many isolates. The degree of crossreactivity among strains correlate with age of the serum donor48.s0, and the capacity to agglutinate a single isolate increased with ageso. Little is known of what is at work here. Strain-specific antibody may occur in adults, or antibody clones may exhibit broad crossreactivity. In other words, strain-transcending agglutination activity may be either the sum of relatively many strain-specific clonal antibodies or the product of relatively few clonal antibodies with broad specificities.
Newbold and colleague@ reported predominantly strain-specific antibodies to parasite-derived neoantigens in pooled 'immune' sera. Among 18 pairs of 13 isolates, agglutinates of both isolates accounted for fewer than 20% of those observed microscopically. Those findings suggest that strain-transcending agglutination may be the sum of relatively many strain-specific antibodies. However, in the same experiment, 13 of 18 isolate pairs did exhibit at least some mixed agglutinates. This showed that crossreacting antibody was present in most instances (72% of pairs). The relatively low frequency of mixed versus homologous agglutinates reported by the authors may simply reflect a predictably lower affinity by crossreacting antibody. Higher affinity isolate-specific antibodies would be forecast to competitively inhibit binding and agglutination by lower affinity crossreacting antibodies. Which set of antibodies may play a predominant role in naturally acquired immunity remains uncertain.
If strain-specific antibody predominates in naturally acquired immunity, then the ability of immune sera to agglutinate many isolates must be attributed to cumulative exposure to, and long-term memory of, the antigenie repertoire of local parasites. On the other hand, some people with limited histories of exposure show surprisingly broad agglutination activity against geographically diverse isolate@. Does history of exposure correlate with the spectrum of strain recognition, agglutination or protective immunity? Studies of the immune response to infection by P. falciparum among adults with limited histories of exposure (see below) may help resolve this question.
Reconsidering clinical evidence for conventional naturally acquired immunity
If an age-dependent strain-transcending immunity exists, then non-immune adults (or those with homologous immunity) should relatively quickly show a protective response to heterologous infections. These effects occurred among syphilitic patients treated with P. falciparum. Patients with homologous immunity were usually partially susceptible to a heterologous strains3 (Fig. 5) . Although lingering susceptibility has been viewed as supporting the importance of antigenic polymorphism in naturally acquired immunity, the decrease in susceptibility was no more or less marked than during early exposures to homologous strains (Fig. 1) . In many instances, the degree of immunity to heterologous strains rivalled that against the homologous strain9 (Fig. 6) . In one series, three patients were initially infected by a Colombian strain of P. fulcipurum and then reinfected by a Thai strain. The second infection prompted an immediate rise in antibodies to the Colombian isolatess. The parasitemia cleared spontaneously after antibodies to the Thai isolate finally appeared. Adult patients with a history of exposure to just a single strain of parasite often demonstrated a high capacity to suppress a heterologous strain.
Apparently complete susceptibility to heterologous strains has been reportedsb57, but this has also occurred with secondary homologous infection@. In 1936, Boyd and Kitchen56 reported that homologous immunity to P. falcipurum was of little protective value against heterologous strains, but in 1945 they reversed this opinions4. The rate of onset of naturally acquired immunity against heterologous strains of P. falciparum may be similar to the rate of onset against homologous strains in syphilitic adults.
The large series of syphilis patients treated with a homologous strain of P. fulciparum by Ciuca et aZ.15 (Fig. 1) was not repeated using heterologous isolates. The findings illustrated in Figs 5 and 6 imply that a similar rate of onset of protective immunity may have occurred had heterologous isolates been applied. The adult transmigrants from Java living in hyperendemic Irian Jaya model such a series. The incidence density of P. fulciparum among adult male transmigrants from Java in the Arso region of northeastern Irian Jaya ranged from about two to three infections per person year in one studys9. These attack rates agreed with other estimates from the Arso region (J.K. Baird, PhD Thesis, Tulane University, 1994) . If the onset of naturally acquired immunity in this region requires 12 to 24 monthss~10, then roughly three to six infections occurred during this period. The rate of onset of protective immunity in these populations resembled that among adult syphilis patients exposed to serial inoculation by a single strain of P. jdciparum.
Geographically distinct strains of Plasmodium falciparum
If an age-dependent strain-transcending immune response is the basis of naturally acquired immunity, then adult immune sera should consistently inhibit the development of parasites from widely separated geographic regions. Precipitous decreases in densities of parasitemia by P. falciparum followed infusion of immune adult IgG from West Africa in children living in East Africa6661. Several thousand kilometers between donor and recipient apparently had little effect upon the protective efficacy of immune adult IgG. This was also true when adult African IgG was injected into Aotus monkeys infected by Asian isolates of P. falciparum6*. Druihle and colleagues injected IgG from immune adult Africans into acutely ill Thai patients with similarly dramatic effects *2,63,&. Moreover, recrudescent parasitemias were equally responsive to a second course of therapy with the same IgG. The pronounced inhibi- tory activity of African IgG against Thai isolates was confirmed in vitro (antibody-dependent cellular inhibition assay)@. Also, in vitro agglutination using sera and parasites from distant locations routinely occurred, including sera from Colombian adults with '. . . histories of exposure [to malaria] compatible with low-level immunity'52. All of these observations point to a broad strain-transcending naturally acquired immunity among adults.
Host age as a determinant of naturally acquired immunity
The hypothesis of age-dependent naturally acquired immunity attributes protection in adults to only recent heavy exposure. In contrast, heavy exposure to infection among children, whether recent or lifelong, does not induce adult-like protection. Although antigenic polymorphism of the parasite may allow the proliferative course of P. falcipavum in children, the constitution of the immune system of a child may be the basis of successful evasion of host defenses. The adult immune system appears capable of effective protection after brief heavy exposure (eg. five infections within 12 months).
Debate about a rapid rate of onset of naturally acquired immunity focused upon possible mechanisms of 'sufficient' exposure to antigenic polymorphism%@. If onset in adults is indeed rapid, then the absence of adult-like protective immunity in children begs an explanation. After a brief period of apparently uniform heavy exposure among age groups, why are adults resistant to infection, while children remain susceptible? Constitutional differences between the immune systems of children and adults seems the most likely explanation. However, little is known of these differences, especially as regards immunity against infectious agents. Recognizing the basis of these differences may be another step toward understanding the cellular and molecular processes which govern naturally acquired immunity to P. falciparum. 
